CTnERL, a Bacteroides conjugative transposon, transferred DNA by an Hfr-type mechanism during conjugation when it was excision deficient due to an insertion in the integrase gene. Rescue of the conjugative transposon sequences required the recipient to be RecA proficient and to contain an integrated CTnERL. The transfer efficiency was only 10-to 30-fold lower than the normal element transfer efficiency, and the direction of transfer from the oriT gene showed that the integrase end was transferred first and that the transfer genes were transferred last.
Conjugative transposons (CTns) are integrated elements that normally initiate their transfer process by excising from the chromosome to form a double-stranded circular transfer intermediate. A single-stranded DNA (ssDNA) copy of the CTn is then transferred by conjugation into the recipient cell, where it becomes double-stranded and integrates into the chromosome (16, 17, 26) . Excision and integration are independent of homologous recombination (6) . Previously, Li et al. (9) demonstrated that the transfer origin (oriT) of the 52-kbp Bacteroides CTn, CTnERL, is located within a 1.4-kbp region that lies near the center of the element. The interior location of the oriT gene raised the question of whether this CTn might be able to transfer at least a portion of itself without excising from the chromosome, in a manner similar to F-plasmid Hfr transfer (12) .
Construction of an excision-defective, transmissible form of CTnERL. Excision of CTnERL requires the integrase gene intERL, as well as three other genes (orf2c, orf2d, and exc). The intDOT gene is located at one end of CTnERL (attR). To test the hypothesis that CTnERL is capable of Hfr-like transfer, we first needed to inactivate intERL in order to eliminate natural excision. This could not be done by inactivating any of the excision genes in the orf2c operon because recent work has shown that products of these genes are required for full expression of the genes involved in conjugal transfer (25) . Since we did not know the direction of transfer, we also needed to mark the other end of the CTn in a way that did not interfere with the ability of the CTn to transfer. This was done by integrating a resistance gene into a gene, traP, which was shown previously to be interrupted without reducing the CTn's transfer frequency (3) .
The mutant element is shown in Fig. 1 . To construct this mutant element, a strain of Bacteroides thetaiotaomicron 5482 that contained a single copy of CTnERL in the chromosome, BT4104N1-3, was used as the starting point. The CTnERL element was used because it contains only one antibiotic resistance gene, tetQ. This feature allowed us to make best use of the limited number of resistance gene markers available for Bacteroides. To place a chloramphenicol resistance (Cm r ) marker gene on the attL side of oriT, a suicide vector, pGW160.1 (Table 1 ; Fig. 1 ), was used to introduce a singlecrossover disruption into the transfer gene, traP, generating BT4104⍀traP. As expected, this construct was still able to transfer at the wild-type frequency of 10 Ϫ6 transconjugants per recipient (3) . Using an unrelated suicide vector, pGW161.1, which carried ermG, a single-crossover disruption was introduced into the integrase gene (attR side) of the oriT gene of the CTnERL element in BT4104⍀traP, generating the doubleinsertion strain BT4104⍀traP⍀int. All gene disruptions were tested by PCR (⍀int) and/or Southern blot analysis (⍀traP) to confirm that the single-crossover insertions resulted in the expected gene disruption or phenotype as described previously (2, 4, 5) . No excision was detected by PCR amplification of the joined ends of the mutant element, demonstrating that the insertion in intERL had indeed eliminated normal excision.
Testing for transfer of a portion of the mutant CTnERL element. The methods employed for the growth of Bacteroides and Escherichia coli strains, for DNA manipulation, and for measuring conjugal-transfer frequencies have been described elsewhere (7, 18, 19) . We anticipated that the frequency of Hfr-type transfer might be very low because this was not a normal type of transfer for the element. Since the transfer frequency of CTnERL is normally only 10 Ϫ5 to 10 Ϫ6 transconjugants per recipient, we combined recipients from four filters to obtain a suspension that contained about (2 to 3) ϫ 10 8 recipients per ml. A total of at least 2 ml of this mixture (in 0.2-or 0.5-ml portions, depending on the selective antibiotic) was plated, enabling us to detect frequencies as low as 10 Ϫ9 transconjugants per recipient. In the case of erythromycin (Em) selection, we found that 0.5 ml of the resuspended cells could be applied to a single plate without having background growth. In the case of the Cm selection, however, only 0.2 ml or less could be applied on a single plate, so a larger number of plates was needed to reach the desired concentration of recipients. The antibiotic concentrations used were as follows: , which is 800 bp from attR, and in traP (⍀traP Cm r ), which is 8 kb from attL, are indicated at the ends of the expanded region. There were only Em r transconjugants and no Cm r transconjugants observed, indicating that the int side of the element was transferred first. Assuming 5Ј-to-3Ј transfer of the DNA, the nick occurs on the bottom strand of the element as drawn, with the resulting transfer of the integrase end of the element containing the Em r insertion. ampicillin (Ap), 100 g/ml; cefoxitin, 20 g/ml; Cm, 20 g/ml; Em, 10 g/ml; gentamicin, 200 g/ml; rifampin (Rif), 10 g/ml; tetracycline (Tc), 3 g/ml; thymidine (Thy), 100 g/ml; and trimethoprim (Tp), 100 g/ml.
If transfer of one portion of CTnERL occurred to wild-type B. thetaiotaomicron BT4001 with no CTn, this transfer would not be detected since the joined ends of the CTn that come together in the circular form are essential for normal integration. Thus, the possibility of homologous recombination with a resident CTn was needed to allow for rescue of incoming CTn DNA. Accordingly, the recipient strain contained an integrated copy of CTnERL to rescue the transferred portion of CTnERL by homologous recombination (Fig. 2) . To increase the frequency of homologous recombination, especially in the case of the insertion in intERL, where the insertion was close to one end, we wanted to have as large a region of sequence identity between the recipient DNA and the incoming mutant CTnERL DNA as possible. Since the intERL gene is only 800 bp from the attR end of the element, it might require a longer region of homology flanking the insertion in intERL to obtain the maximal integration frequencies when the mutant element integrates into the wild-type CTnERL. In this case, the integration event would have to occur between the intERL gene and the end of CTnERL in order to rescue the Em r insertion. Accordingly, we used a recipient that had a wild-type CTnERL integrated in the same site as the mutant CTnERL in the donor. To obtain such a recipient strain, BT4001 (Rif r ) was the recipient in a mating with BT4104 (Thy Ϫ Tc r ), which contained wild-type CTnERL. Matings were done as previously described (19) . The transconjugants were isolated as Rif r Tc r colonies, and Southern blotting of DNA from different isolates was performed, using a hybridization probe that contained se- Following induction by growth in the presence of tetracycline, the element excises and circularizes (diagram II) and is then transferred by conjugation to a recipient indicated by the arrow. One of the sites for integration (attB) in the recipient, BT4001, is shown in diagram III, and CTnERL will integrate by a RecA-independent mechanism (diagram IV). If the CTn is defective in its ability to excise normally, the process shown in panel B can occur. In this study, an insertion into int (Em r ) was made at the attR end of the element and a second mutation in a nonessential gene, traP (Cm r ), was made at the attL end of CTnERL in BT4104N1-3⍀traP⍀int (diagram I). When the donor strain is grown in the presence of tetracycline, the element cannot excise normally, but the transfer functions are still induced. Transfer presumably begins from the oriT region, located within a 1.4-kbp region near the center of the integrated element, to a recipient cell (diagram II). The CTn DNA once transferred can then find its homolog (a copy of the CTn) in the recipient, BT4004, and recombine into the regions of DNA sequence identity by RecA-dependent homologous recombination (III). If there was no copy of CTnERL in the recipient, there were no transconjugants. This study also showed that the int or attR end containing the Em r insertion was transferred first and that no transfer of the attL gene (Cm r ) was detected. Since conjugal transfer occurs by a rolling circle mechanism (12), the donor would still be intact (diagram III). In the initial experiments, the strain with CTnERL in the same site (BT4004-28) was used as the recipient. In later experiments, isogenic strains with CTnERL in different sites in the recipient than in the donor were used as recipients. Transconjugants were then selected on medium containing Rif-Cm or Rif-Em. Transconjugants were subsequently patched onto plates containing Rif-Cm and plates containing Rif-Em to identify any transconjugants that contained both Em r and Cm r markers. This should be extremely rare since it would either be due to the donor sustaining two spontaneous mutations making it both Thy ϩ and Rif r (a frequency of about 10 Ϫ12 ) or be due to cotransfer of the Em r and Cm r markers, indicating that the entire element, along with the entire 6.2-Mb B. thetaiotaomicron chromosome, was transferred.
Transfer of CTnERL requires induction of transfer genes by growth of the cells in tetracycline (15) . In the presence of Tc, the Bacteroides strain that contained a wild-type copy of CTnERL (BT4104) transferred the element at a frequency of 10 Ϫ5 to 10 Ϫ6 transconjugants per recipient. When the Bacteroides strain containing the excision-deficient CTnERL⍀traP⍀int element (BT4104⍀traP⍀int) was used as a donor in mating experiments with BT4004-28, transconjugants were obtained at a frequency of 10 Ϫ7 transconjugants per recipient when the mating mixture was plated on medium containing Em. In contrast, when transconjugants were plated on medium containing chloramphenicol, the observed frequency of transfer was Ͻ10 Ϫ9 (Table 2 ). All Em r transconjugants were sensitive to chloramphenicol, which is consistent with transfer of sequences only from the intERL side of the oriT gene.
As expected, transfer of the excision-deficient BT4104⍀traP⍀int element did not occur in the absence of Tc (Ͻ10 Ϫ9 transconjugants per recipient). Also, no transfer of either resistance gene marker was seen if the recipient lacked a copy of wildtype CTnERL (Table 2 ). Such transfers were expected only if the mutant CTnERL was still able to excise normally from the chromosome and form the circular intermediate which transfers and integrates (Fig. 2) .
Construction of a derivative of BT4004-28 that was deficient in homologous recombination. Normal excision-dependent transfer of CTnERL is independent of homologous recombination (6). If, however, only a portion of CTnERL was transferred in the absence of excision, homologous recombination should be required to rescue the transferred DNA. The transferred CTnDOT DNA would lack one of the element's ends found in the excised circular form and would also lack a functional intERL gene (Fig. 2) . To verify the requirement of RecA function for transfer of a portion of the mutant CTnERL, a RecA-deficient derivative of BT4004-28 was used as a recipient. A recA mutation in the BT4004-28 recipient was constructed by making an insertional mutation in the recA gene as described by Cooper et al. (6) . Since the Cm r cassette from the attL end of CTnERL in traP did not transfer from the donor BT4104⍀traP⍀int (see above), the Cm r marker in the insertional vector pRAI49, which contained an internal region of recA, could be used. The site of the recA insertion was verified by Southern blot analysis, and the strain was shown to be sensitive to 0.01% methyl methanesulfonate (MMS). The strain was grown in supplemented brain heart infusion and handled carefully because of its decreased aerotolerance (6) . The transfer of the Em r marker to this recipient was Ͻ10 Ϫ9 transconjugants per recipient (Table 3 ). In the case of Hfr transfer by the F plasmid, the presynaptic RecB to -D system, which facilitates the RecA function by providing a ssDNA substrate for recombination, is also important. The genes encoding homologs of these proteins appear not to be present in the B. thetaiotaomicron genome, although there are putative homologs for the RecFOR presynaptic system (14) . Conjugation provides at least a transient ssDNA substrate for RecA filaments to form, as is evident from the successful integration of phage CTX, which integrates as ssDNA when it is transferred into a recipient by conjugation (23). We do not know if any other Bacteroides recombination system contributes to the Rif Cm a The wild-type donor strain was BT4104N1-3, which carries a single chromosomal copy of CTnERL. ⍀traP indicates an insertion in traP which makes the strain Cm r , and ⍀int indicates an insertion in int which makes the strain Em r . b BT4001 carries no CTnERL sequences. BT4004-28 carries a single chromosomal copy of CTnERL, integrated into the same site as the single copy of CTnERL in BT4104N1-3.
c Frequencies of conjugal transfer are expressed as numbers of transconjugants per recipient cells at the end of the mating observed when donors were induced with tetracycline or not induced. The ranges of the frequencies are for three to five separate mating experiments, each done in duplicate. Matings were performed between Thy Ϫ Tp r donors and Rif r recipients. See Table 1 .
RecA-dependent recombination observed in these experiments. In the experiments just described, the recipient contained a copy of CTnERL that was integrated into the chromosome in the same site as the copy of mutant CTnERL provided in the donor, BT4104. This was done under the assumption that including identical regions of chromosomal DNA outside the end of CTnERL might be needed to maximize the frequency of acquisition by homologous recombination of the transferred portion of the mutated CTn. To test this assumption, we determined the frequency of transfer of the excision-deficient mutant of CTnERL to four recipients that had CTnERL located in four different chromosomal sites identified by Southern blotting in the screen for BT4004-28 described above.
The results for one of these recipients are shown in Table 3 . The three other recipients with CTnERL integrated into other chromosomal sites gave the same results (data not shown). These results indicate that the location of the CTn in the recipient had little impact on the frequency of transfer and recombination of the CTnERL sequences, and that 800 bp flanking a 5-kbp insertion was sufficient to allow efficient homologous recombination to occur. As a control to monitor the effect, if any, of the recA mutation or the presence of a closely related CTn in the recipient on the integration of the incoming CTn, we used a donor carrying a closely related wild-type CTn, CTnDOT, which carries an Em r resistance gene. CTnERL is virtually identical at the DNA sequence level (Ͼ90%) to CTnERL except that CTnDOT has a 13-kbp insertion that contains the ermF gene (24) . The results shown in Table 3 demonstrated that the transfer of CTnDOT was not impeded by the presence of the CTnERL in the recipient and that transfer and integration of CTnDOT was not affected by the absence of RecA in the recipient.
Conclusions. CTnERL and related CTns have a complex regulatory network that coordinates the expression of the excision and transfer genes (5, 10, 17, 25) . The coordination of excision and transfer should be important for the survival of the CTn in natural hosts, because if the entire CTn is not transferred, the transferred CTn could not be circularized in the recipient and would thus be incapable of normal integration, which requires the joined ends of the circular form. Yet, transfer of only a portion of the CTn could still promote the survival of some of genes of the CTn, if the transferred DNA was rescued by homologous recombination with an intact copy or even remnants of a closely related CTn in the recipient.
The results of the experiments described in this report demonstrate for the first time that transfer of a portion of the CTn is indeed possible and that the transferred DNA can be rescued if there is a closely related CTn present in the recipient chromosome. Our results also show that the incoming region of the transferred element is not excluded by the original CTn and is able to introduce a new gene into the CTn in the recipient. CTnERL/CTnDOT elements have a broad host range for transferring DNA, e.g., to E. coli recipients. A recombinational event might take place in a nonpermissive host under natural conditions even if the integrase gene is not expressed in the host. The CTn would then be trapped in the recipient after the recombinational event. Surprisingly, about 80 to 90% of the CTnERL-related elements examined so far transfer intact under laboratory conditions. There are, however, several examples of cryptic, fragmentary CTn-type elements with various amounts of sequence identity to the CTnERL/CTnDOT family in the chromosomes of sequenced Bacteroides strains (8, 28) . Whether any of these CTns are still active for excision and transfer remains to be seen. Presumably, any CTn or part of a CTn that still possessed a functional mob-oriT region and transfer gene region could be capable of DNA transfer to a recipient, whether by normal excision-type transfer or by Hfr-type transfer. Our findings suggest the possibility that fragmentary CTns found in natural isolates might have resulted, in some cases, from the Hfr-type transfer of a portion of an active CTn and that some of these cryptic elements may be capable of mediating Hfr-type transfer.
The frequency with which the excision-independent transfer of CTnERL occurred was only 10-to 30-fold lower than that of normal transfer of the CTnERL to a recipient (Table 2) . We had expected the frequency of the double crossovers needed to rescue the CTn DNA to be much lower than normal integration frequencies due to the need for homologous recombination. A possible explanation is suggested by results of studies of the F-mediated Hfr processes in E. coli that indicated that the recombination frequencies are especially high near the origin of transfer (11) , and this could explain why we were successful in detecting the transfer of the Em r insertion. This may also explain why additional sequence identity beyond the end of the element did not show any effect on the survival of the 5-kb insertion. However, it may have been fortunate that we could even detect the recombination at all, since the F-mediated Hfr data suggest that markers beyond 45 kb may actually have a higher rate of recovery than the placement of the marker that we were using, which was only 20 kb from the origin of transfer (12) .
An important result of the experiments described here is that they have allowed us for the first time to establish the direction of transfer of CTnERL. Our results suggest that the portion of CTnERL that contains the regulatory region and the integrase gene is transferred first and that the mobilization and transfer genes are the last to transfer (Fig. 1) . In the normal type of transfer involving the circular form of the CTn, b CTnDOT is nearly identical to CTnERL except that it has a 13-kbp region containing ermF between the oriT and int genes, immediately adjacent to ORF2 in Fig. 1 (24) . It is used here as a wild-type CTn control containing an Em r marker to show that a copy of CTnERL in the recipient did not exclude the incoming CTn.
VOL. 188, 2006 188, NOTES 1173 this would mean that the transfer starts with oriT; continues through the regulatory region, the excision operon, the intERL gene, and the joined ends; and only then proceeds to other genes ( Fig. 1 and 2 ). That is, the genes essential for transfer of the CTn are the last to enter the recipient cell, whereas the portion of the CTn that contains essential integration functions are transferred first. The transfer genes are the last to be transferred in the case of F plasmid (12) , but this is only partially true for IncP plasmids (27) . However, the conjugal plasmids do not need to integrate for survival. The intERL gene is expressed constitutively and may allow the element to integrate in the recipient chromosome immediately after transfer is completed before the genes not required for the integration step are expressed. We do not know if any of the other early-entry genes on the CTn contribute to their survival in the recipient.
